We have isolated mammalian homologues of the Drosophila dachshund gene. Two domains of high conservation, one of which contains an a-helical, coiled-coil motif, show similarity to the Ski family of genes. We therefore propose that Dachshund belongs to a superfamily including these genes. Mouse Dachshund (Dach) is expressed in the eye and limb, structures affected by the Drosophila loss-of-function mutant, and rib primordia, CNS and genital eminence. Pax6 and Dach show overlapping but non-identical expression patterns. Dach expression is unaffected in smalleye mouse brain, indicating that Pax6 is not directly activating Dach. In Drosophila eye development dachshund is a component of an interacting network of proteins. Genes homologous to many of these exist in mammals; Dach joins this expanding group.
Introduction
The Drosophila dachshund (dac) gene is involved in both eye and leg development as demonstrated in loss-of-function mutants in which the legs are drastically shortened and the eyes are reduced or absent (Mardon et al., 1994) . Shortening of the segmental leg structure is due exclusively to fusion and condensation of the intermediate segments; the proximal and distal segments are unaffected. In the eye, disruption of development occurs at the earliest stages affecting initiation of the morphogenetic furrow. Expression of dac is found in the imaginal discs of both the eye and leg in domains directly associated with the phenotype. Other tissues in which dac is expressed include antennal and wing imaginal discs and the central nervous system, including the optic lobe of the larval brain; however, there is no obvious phenotype in these areas.
Analysis of dac function has focused predominantly on the developing eye. A network of proteins interact during the early stages of Drosophila eye development and includes, in addition to dac, the putative transcription factors eyeless (ey), eyes absent (eya) and sine oculis (so). Like dac, these genes are fundamental to eye development, causing eyes to be absent or reduced when the gene is lost (Bonini et al., 1993; Cheyette et al., 1994; Quiring et al., 1994) . Much attention has been paid to three of these genes, dac, ey and eya, as potential master genes in eye formation as each can induce the formation of ectopic eye structures when ectopically expressed in Drosophila (Halder et al., 1995; Bonini et al., 1997; Shen and Mardon, 1997) .
The mammalian Pax6 gene and members of the Eya and Six gene families are homologous to ey, eya and so, respectively and Pax6, Eya1-3 and Six3 are expressed during eye development Oliver et al., 1995; Xu et al., 1997) . Furthermore Pax6 and Eya2 were shown to be functionally equivalent to their Drosophila counterparts; Pax6, like ey, induces ectopic eyes in Drosophila and Eya2 rescues the eya loss-of-function mutant (Halder et al., 1995 ., Bonini et al., 1997 .
Initially it was suggested that Drosophila ey was at the top of a regulatory hierarchy of genes which together produce the eye (Halder et al., 1995) . Indeed ey cannot induce ectopic retinal development in the absence of either dac or eya, and misexpression of ey strongly induces dac expression (Shen and Mardon, 1997) , indicating that ey is upstream of dac and eya. Conflicting evidence, however, argues for a network of interactions in which dac and eya participate and is inconsistent with a simple linear hierarchy. For example ectopic expression of either dac or eya, like ey, induces ectopic retinal development although at a lower frequency. When dac and eya are expressed together, they act synergistically, dramatically increasing the penetrance of ectopic eyes (Chen et al., 1997) . Furthermore ectopic expression of both eya and dac induces ectopic ey. Thus, a network has been postulated involving these genes and a complex series of positive feedback loops (Chen et al., 1997) .
The mammalian homologues of the Drosophila genes described above are also likely to be involved in eye development given the conserved nature of their expression domains. Expression relationships between these genes also seem to be retained. Pax6 is known to be fundamental to eye development; i.e. mutations disrupt eye formation in smalleye mice when homozygous and cause aniridia in humans when heterozygous (Hill et al., 1991; Ton et al., 1991; Glaser et al., 1992; Jordan et al., 1992 . The relationship between Eya and Pax6 also appears conserved; Eya has three mammalian homologues expressed in the developing eye which overlap Pax6 expression domains. In smalleye mice no expression is found within these regions, suggesting that Pax6 function is essential for normal eya expression (Xu et al., 1997) . Similar molecular mechanisms to those found in Drosophila may therefore operate in mammals despite the vast differences in eye morphology and development.
We have isolated mouse and human genes coding for homologues of dac. The Drosophila and mammalian genes share two highly-conserved domains, the more Cterminal of which contains an unusual extended a-helical coiled-coil motif. On the basis of amino acid homology and structural comparisons, dac and its mammalian homologues are related to the Ski proto-oncogene and Sno, a Ski-like gene. We therefore suggest that Dachshund is a member of a gene superfamily which includes the Ski family of oncogene-related proteins.
Expression of mouse Dachshund (Dach) is found within the eye and limb, structures affected in Drosophila by lossof-function mutations (Mardon et al., 1994) . Expression is also found in the brain, neural tube, dorsal root ganglia, rib primordia and genital eminence. Pax6 is also expressed in some of these areas, particularly the eye and the brain; however, the pattern of Dach expression in these structures, whilst overlapping with Pax6, is not identical. In addition, Dach expression is unaffected in the smalleye mouse forebrain, indicating that, at least in brain, Pax6 is not directly regulating Dach. Thus Dach joins the group of homologous eye genes shared by Drosophila and mouse and supports the concept that a conserved genetic network operates in eye development in highly diverse organisms.
Results

Identification of the mouse and human homologues of dachshund
A human expressed sequence tag (EST) (accession number AA059243) was identified in a search of the EST database using the Drosophila dachshund amino acid sequence. This EST was derived from an IMAGE consortium human adult retina cDNA clone, ID 381801. End sequences were obtained and four additional overlapping human ESTs identified; together these formed a cDNA contig of 2.6-kb. The human cDNAs were used to screen an embryonic E11.5 mouse library, and overlapping clones were identified which formed a cDNA contig of 2.5 kb. The genes were designated DACH (human) and Dach (mouse). An alignment of the human and mouse protein sequences is shown in Fig. 1 ; the predicted coding regions are highly similar (99.3%) throughout. The human coding region is 517 amino-acids long; the mouse sequence contains an additional 52 amino acids. Analysis of this region by RT-PCR (data not shown) suggests that the additional coding region is a rare alternative splice form; the major mouse transcript is identical to the human transcript. The similarity between mouse and human Dachshund decreases 3′ and 5′ to the predicted coding regions. The region 5′ to the putative start methionine contains long stretches of trinucleotide repeats which differ between the mouse and human cDNAs (Fig. 1). 
Two conserved domains in the Dach gene
Two highly-similar domains exist between Drosophila dac and the mouse and human genes ( Figs. 1 and 2 ). The N-terminal domain (Fig. 2a) is referred to as Dachbox-N and is 83 amino acids in length with an overall similarity of 87% between the Drosophila and mammalian proteins. The C. elegans homologue of dac (identified in cosmid U80953, as described in Section 4) also contains Dachbox-N and shows 73% identity with the mammalian proteins (Fig.  2a) . The C-terminal domain, Dachbox-C, is 72 amino acids long and the degree of similarity to Drosophila is 63% (Fig. 2b) . These regions are therefore likely to have important conserved functions. Given that the conserved protein motifs are identical in Dach and DACH, we use the name Dach to indicate both mammalian homologues.
A search of the TREMBL protein sequence database with the entire predicted amino acid sequence of Dach detected weak but significant identity with Ski, a proto-oncogene which normally functions during myogenesis and neurulation, and Sno, a Ski-related protein of unknown function (Nomura et al., 1989; Berk et al., 1997) .
The homology between Dach and Ski/Sno was based around the two Dachboxes. Dachbox-N has 28% identity with the consensus sequence of all vertebrate Ski and Sno Fig. 1 . Amino acid alignment of the predicted protein products of DACH (human) and Dach (mouse) . Numbering begins at the putative initiating methionine residue (boxed). No upstream in-frame stop codon was identified in either cDNA, and therefore the upstream amino acids are shown (light face). The mouse protein has an insertion of 52 amino acids (residues 187-238) compared to the human protein which appears to correspond to the inclusion of an alternatively spliced exon. Two regions of significant homology with Drosophila dachshund protein are shown as shaded boxes: Dachbox-N, from residues 21-103; and Dachbox-C, from residues 375-446 in the human protein and residues 427-498 in the mouse protein. A strongly-predicted a-helical coiled-coil domain is indicated by a....a. Within this helical region, the residues which comprise the basic-hydrophobic heptad repeat (helix face 'a' in Fig. 3 ) are underlined.
proteins (Fig. 2a) ; in Ski and Sno the homologous domain is also near the N-terminus. Dachbox-C has very weak identity with the C-terminal region of Ski and Sno, confined to the occasional alignment of basic and hydrophobic amino acids.
Secondary-structure analysis of the entire Dach open reading frame using the Garnier-Osguthorpe-Robson algorithm revealed a strongly predicted uninterrupted a-helical domain covering 81 amino acids between residues 393 and 474 (Garnier et al., 1996) . This helical region starts 20 amino acids from the N-terminal end of Dachbox-C and extends 28 amino acids beyond the box, finishing outside the region of high conservation (Fig. 1) . The helical domain is also predicted to have a very strong tendency to form a coiled-coil (P = 1.0, GCG Coilscan algorithm; Lupas et al., 1991; Lupas, 1996) , a tertiary structure in which two or more a-helices coil round each other. This contrasts sharply with the remainder of the protein, which is predicted to contain only short a-helical regions and no coiled-coils. The weakly-matching C-terminal regions of Ski and Sno also contain an extended a-helical coiled-coil domain which mediates Ski/Ski, Ski/Sno or Sno/Sno dimerisation (Nagase et al., 1993; Sleeman and Laskey, 1993; Heyman and Stavnezer, 1994; Zheng et al., 1997a) . When the predicted a-helical domain of mammalian Dach is projected on a helical wheel ( Fig. 3 ) a striking motif is revealed, in which one face of the helix comprises alternating basic and hydrophobic residues while the adjacent face comprises alternating acidic and hydrophobic residues. A similar motif is found in the Drosophila dac protein: secondary structure algorithms also predict an extended a-helical coiled-coil domain beginning in Dachbox-C. When visualised on a helical wheel, residues 778-827 in the sequence of Mardon et al. (1994) contain eight basic-hyrophobic heptads and seven acidic-hydrophobic heptads which form faces (a) and (d) of the helix in the same way as the mammalian helical domain. The basic-hydrophobic heptad of Dach and dac is similar to that described in Xenopus ski, (Sleeman and Laskey, 1993) , but the acidic-hydrophobic heptad is unique to the dachshund protein family, and may comprise a new zipper motif involved in helix-helix interactions.
Dach and dac proteins therefore share two conserved domains with Ski and Sno; an N-terminal motif corresponding exactly to Dachbox-N and a C-terminal motif which corresponds to the helical coiled-coil domain beginning in Dachbox-C. This second motif, while very weakly conserved at the level of the primary amino acid sequence, is likely to be highly homologous at the level of tertiary structure and may mediate Dach dimerisation. Dach and dac therefore belong to a gene superfamily including Ski and Sno. It is, however, unlikely that there is a large number of closely-related Dachshund genes in mammals. Southern analysis of genomic mouse DNA using the highly-conserved Dachbox-N as a probe, indicates a single hybridising band (Fig. 4) . In addition, extensive cDNA library screens and exhaustive searches of the EST database have failed to reveal any further dachshund homologues. This indicates (Mardon et al., 1994) . (B) Dachbox-C, which spans 72 amino acids near the C-terminus of Drosophila dac and its mammalian homologues. hum, human DACH; mus, mouse Dach; dm, Drosophila dachshund. Sequence alignments were created using the program Pileup and highlighted using the program Prettybox, both from the GCG package.
that Dach is present in the mammalian genome in low abundance, perhaps as a single copy gene.
Expression of Dach in the mouse embryo
Dach expression was analysed by in situ hybridisation in E10.5-E12.5 whole mouse embryos and at an additional stage, E13.5, for the limbs. Dach transcripts were detected at all stages ( Fig. 5a ) with expression in the limbs, brain, eye, neural tube and dorsal root ganglia. There is also expression in the rib primordia located between the fore and hind limbs and in the trigeminal ganglia and glossopharangeal-vagal ganglion complex.
Limb expression
Dach is expressed in both the fore and hind limbs at all stages analysed, from E10.5 to E13.5 (Fig. 5c ). At E10.5, expression can be seen in both the posterior and anterior of the limb bud, with the anterior region extending centrally into the core. At E11.5, Dach expression becomes increasingly peripheral, extending around the entire handplate in the mesenchyme beneath the apical ectodermal ridge. At E12.5, expression is entirely peripheral with no central expression remaining and by E13.5 Dach is localised to the mesenchyme at the distal tips of the digits.
Eye expression
At all three stages analysed (E10.5, E11.5 and E12.5) Dach is expressed in the mesenchyme surrounding the eye (Fig. 5g) which is predominantly neural-crest derived. Dach expression also occurs within the neural retina at these stages but not in the lens or the retinal pigmented epithelium (RPE). The expression pattern of Dach therefore overlaps but is not the same as that of Pax6, a putative regulator of dac (Fig. 5h) which is expressed within the lens, neuroretina, RPE and overlying ectoderm, but not within the mesenchyme.
Brain expression
Dach is expressed from E10.5 to E12.5 in the telencephalon including the olfactory bulbs (Fig. 5f ), but not in the diencephalon. Pax6 too is expressed in the brain, with strong expression in the telencephalon, again including the olfactory bulbs, but is also found in the diencephalon. These brain regions all show abnormalities in smalleye mice (Stoykova et al., 1996; Caric et al., 1997; Warren and Price, 1997) . As in the eye, therefore, Dach brain expression overlaps but is not identical to that of Pax6.
Analysis of Dach forebrain expression in smalleye mice adds evidence that Dach does not need to be activated by Pax6. In the brain of E12.5 smalleye mice, Dach expression (Landschulz et al., 1988) . Each 'spoke' represents a face of the cylindrical helix, which is viewed end-on with most N-terminal residues at the centre of the wheel. Spokes (a) and (d) are shown close together to highlight the novel basic-hydrophobic, acidichydrophobic heptad motif. The amino acids in spoke (a) are those underlined in Fig. 1 . Fig. 4 . Southern analysis using a probe to the highly-conserved Dachbox-N region of the Dachshund gene. This was hybridised to whole genomic mouse DNA digested with restriction endonucleases which do not cut within the probe, except for Acc1 which cuts once in the probe. The analysis was carried out on two separate DNA preparations from AKR/J and DBA/2J adult mouse livers, with the same result in both cases. The AKR/J blot is shown.
is found in exactly the same areas as in wildtype embryos (Fig. 6) . The level of expression of Dach also appears to remain the same in the smalleye and the wildtype mice, leading to the conclusion that Pax6 is not necessary for Dach expression within the embryonic brain.
Other regions of expression
Dach is expressed throughout the length of the neural tube from E10.5 to E12.5 (Fig. 5b) . There is also expression of Dach within the dorsal root ganglia (Fig. 5i) the region where the ganglia join the neural tube. The expression domain of Dach is mainly within the mantle of the neural tube, with expression in dorsal, lateral and ventral regions. There is also a dorsal region of expression within the ventricular zone. Pax6 is expressed in the ventral ventricular zone of the neural tube, and not at all in the dorsal root ganglia in a complementary pattern to Dach expression (Fig. 5j) . Again Dach expression does not correspond with Pax6 expression (Fig. 5i,j) .
At E10.5 and E11.5 Dach is expressed in a punctate pattern on the ventral side of the embryo between the fore and hind limbs, in the rib primordia (Fig. 5e ). This expression has however disappeared by E12.5. At E11.5 and E12.5, Dach expression is also found within the genital eminence (Fig. 5d) . Expression can also be seen in cranial ganglia in the trigeminal ganglion and the glossopharyngeal-vagal ganglion complex (Fig. 5a ) at all three stages analysed.
Discussion
Dach and dac are members of a gene superfamily which contains an a-helical coiled-coil domain
We have isolated mouse and human genes which are related to Drosophila dachshund. When the mammalian (Dach) and Drosophila (dac) proteins are compared, two highly homologous regions (Dachbox-N and Dachbox-C) are identified, which are likely to be important functional domains. There appears to be a single Dach-like gene in mammals and we therefore suggest that the mouse and human genes are orthologues of Drosophila dac. Further sequence comparisons and structural analysis show that dac and Dach share two domains with the proto-oncogene Ski and the Ski-like gene Sno: an N-terminal domain which corresponds to Dachbox-N, and a C-terminal domain which is predicted to form an a-helical coiled-coil. We propose that Dach, dac, Ski and Sno are members of the same gene superfamily, and that structural and functional parallels can be drawn between Ski and Dach.
The shared C-terminal domain of the superfamily is defined by a structural motif rather than extensive sequence identity: dac, Dach, Ski and Sno proteins are all predicted from secondary structure algorithms to have an extended ahelical domain with a strong tendency to interact with other helices to form a coiled-coil-like tertiary structure. Coiledcoil proteins exhibit a characteristic heptad periodicity, with hydrophobic amino acids in every seventh position, so that in a schematic representation of an a-helix such as that shown in Fig. 3 , face (a) is highly hydrophobic, with leucine predominant (Landschulz et al., 1988) . To a lesser extent, hydrophobic residues are also common on face (d), and faces (a) and (d) together form the helical interface of the coiled-coil. Coiled-coils are found in a variety of proteins, including structural proteins such as myosin, in which there may be over 100 heptad repeats, and transcriptional regulators such as the leucine zipper DNA-binding proteins fos and jun in which the there are just four heptad repeats (Landschulz et al., 1988; Lupas et al., 1991; Lupas, 1996) . The Ski protein superfamily falls between these extremes, with Ski, Dach and dac having 14, ten and eight heptads, respectively. The remarkable feature of these proteins is the unusual nature of the heptad repeat, which results in alter- nating hydrophobic and basic amino acids aligned along face (a) of the extended helix ( Fig. 3 ; Sleeman and Laskey, 1993) . In Dach and dac there is also a striking complementary heptad repeat of acidic and hydrophobic residues which is offset by four amino acids from the basic-hydrophobic motif to form the adjacent face (d) of the helix. The positively-and negatively-charged side chains of faces (a) and (d) may interact intramolecularly to stabilise the a-helix or intermolecularly to stabilise protein dimers; in either case this is likely to be a new zipper motif. In the case of Ski, the a-helical coiled-coil domain is known to mediate SkiSki interactions, and the existence of a long rod-like structure has been confirmed by biophysical measurements of Ski helix dimers (Zheng et al., 1997a) . Ski homodimerisation is known to be essential for the interaction of Ski with transcription factor NF1 (Tarapore et al., 1997) and we propose that dac and Dach may also form functionally important homodimers. Evidence from in vitro studies shows that Drosophila dac binds directly to the eyes absent (eya) protein, and that the interaction is mediated by a C-terminal fragment of dac which contains Dachbox-C and the coiled-coil motif (Chen et al., 1997) . The eya protein and its vertebrate homologues have no coiled-coil potential (P = 0, GCG Coilscan algorithm) and consequently it seems unlikely that eya interacts with dac through a zipper mechanism involving the helical domain; instead the interaction may be mediated by the highly conserved amino acids immediately before the coiled-coil domain at the N-terminal end of Dachbox-C.
The shared N-terminal domain of the superfamily is defined by significant sequence identity between dac, Dach, Ski and Sno in a region of 83 amino acids which corresponds exactly to Dachbox-N. Dachbox-N has no strong homology with known motifs, but three cysteine residues which are absolutely conserved in all members of the superfamily may play a role in the structure of this domain, by forming disulphide bonds or coordinating metal ions (Fig. 2a) . There is evidence that Dachbox-N may be involved in transcriptional activation: the Drosophila dac protein has been shown to have transcriptional activation activity within a region containing this domain (Chen et al., 1997) . Dachbox-N is also contained within the exon 1 region of v-Ski which has been shown to harbour both transforming and myogenic activities (Zheng et al., 1997b) . In addition, Dachbox-N is contained within an Nterminal domain of Ski protein which mediates DNA binding and transcriptional activation by interacting directly with the NF-1 family of transcription factors (Tarapore et al., 1997) . Therefore the N-terminal domain of Dach/dac may function by interacting directly with proteins involved with the transcriptional apparatus.
It was suggested by Chen et al. (1997) that Drosophila dac functions within a complex to regulate transcription, and our protein sequence analysis suggests two domains of Dach/dac which may be involved in protein-protein interactions. No DNA binding motifs are evident within the protein, and this is consistent with the model of Chen et al. (1997) in which dac does not bind to DNA directly but forms a protein complex with eya and other factors in order to provide the specificity necessary for transcriptional activation of downstream genes during eye development. We provide further evidence that dac indeed acts as an 'adaptor' in a multi-protein complex, and we propose that dac may interact with itself through the coiled-coil domain, with cellspecific factors such as eya through Dachbox-C and with general transcriptional activators through Dachbox-N domain. We predict that these protein-protein interactions will be phylogenetically conserved.
Dach is expressed in eye, limb and CNS in mouse and Drosophila
Among other sites of expression, Drosophila dac is found in the leg and eye primordia and CNS including the optic lobe of the larval brain. Similarly, mouse Dach expression is found in the embryonic eye, limb, and brain. Expression in the leg and eye is especially relevant, since these two structures are abnormal in Drosophila loss-of-function mutations. The leg phenotype, in which the intermediate segments are abnormal, corresponds to larval dac expression in a medial ring of cells in the imaginal disc. In the mouse, Dach expression is found within the central mesenchyme of the limb bud at E10.5 (Fig. 5c) . We speculate that this central mesenchyme may be coincident with the region that will form the long bones of the zeugopod or the tarsals and carpals of the footplate. Mesenchymal condensations indicative of chondrogenesis are initially detected around E11.5 (Wright et al., 1995) , approximately 1 day after Dach is found in the central mesenchyme. By this stage, Dach expression has resolved into the distal mesenchyme of the footplate. Thus if Dach is performing an analogous role to its Drosophila counterpart, and effecting intermediate structures, it is likely to be specifying these elements rather than regulating chondrogenesis. The later expression in the distal mesenchyme may be indicative of a role in outgrowth, particularly at the tips of the digits.
The eye in Drosophila dac mutants is either missing, or its size severely reduced, with head cuticle replacing all retinal structures. A roughened appearance in the small eyes is caused by abnormal photoreceptor cells. Mutations in Drosophila ey, homologue of the mouse Pax6 gene, results in a similar phenotype and evidence suggests early eye development is mutually dependent on both ey and dac. Based on the correlation with Drosophila, predictions for the role of Dach in mouse is either at an early stage, in neuroretina formation or later, in photoreceptor cell differentiation. Dach is expressed in the undifferentiated neuroretina in the same pattern as, and at similar stages to, Pax6, which has a role at the earliest stages of neuroretinal formation (Quinn et al., 1996) . Thus, if the relationship between Dach and Pax6 in mouse is similar to that in Drosophila we would expect Dach to have a role in early retinal formation.
In the vicinity of the eye Dach is expressed in the adjacent mesenchyme. This mesenchyme is neural-crest derived and is the source of many specialised eye structures such as the ocular muscles. The possibility exists that this mesenchyme is involved in inductive interactions specifying the layers of the early optic cup.
Dach expression is not directly controlled by Pax6
It was suggested (Halder et al., 1995) that since ey can induce ectopic eye structures in Drosophila, Pax6 must be at the top of a genetic hierarchy controlling eye development. Other genes, dac and eya, have since been shown to produce ectopic retinal development (Bonini et al., 1997; Shen and Mardon, 1997) indicating that there is a complex network of interactions rather than a straightforward linear pathway. When any of the three genes, dac, ey or eya, is ectopically expressed, the remaining two are induced in the ectopic eye region, therefore positive feedback loops must exist. Both genetic and protein-protein interactions have also been shown between dac and eya (Chen et al., 1997) . This suggests that complex formation and genetic interactions within a network are important for Drosophila eye formation.
Is Dach involved in a similar network in mammals? Many Drosophila eye developmental genes are conserved between mammals and Drosophila, and now we include Dach in this group. Dach, Pax6, Six3 and three members of the Eya family are expressed in the embryonic mouse eye. Thus, several requisite members of the proposed network are present. Our data suggest that where both Pax6 and Dach are expressed together, at least at the level of transcription, Pax6 is not required for Dach production. The expression of Dach within the E12.5 smalleye telencephalon is the same as in the wildtype brain, showing that in this tissue Dach expression is either independent, or is upstream of Pax6. Alternatively, interactions may occur between these two gene products and it is at this level that these two operate in the genetic network. However, in the majority of the tissues in which Pax6 and Dach are expressed the patterns do not overlap; for example a striking pattern is observed in the neural tube, where Dach and Pax6 are expressed in complementary domains. Similarly, Drosophila dac has a function in the limb independent of ey. We suggest that Dach will prove to have a variety of functions within the developing mammal and that the relationship with Pax6 may be important in specifying this function within a few of these tissues whereas in others Dach will act independently of Pax6.
Experimental procedures
Isolation of human and mouse dachshund-related cDNAs
The initial dachshund-related human cDNA clone was identified by a tBLASTn search of dbEST. The matching EST, accession number AA059243, was derived from an IMAGE consortium human adult retina cDNA clone, ID 381801, which was obtained from the UK HGMP Resource Centre, Hinxton. End sequences of 381801 were obtained with T3 and T7 primers and four overlapping IMAGE cDNAs were identified by database screening: 668097, accession numbers AA252130 (5′) and AA252079 (3′); 129969, accession numbers R11546 (5′) and R19271 (3′); 629976, accession numbers AA219450 (5′) and AA219327 (3′); and 132326, accession numbers R25458 (5′) and R26283 (3′). These cDNAs, and subclones of them, were sequenced in entirety on both strands using ABI Prism T3 and T7 dye primers (Perkin Elmer) according to the standard dye primer protocol, with the exception that the plasmid DNA was purified on a Centricon-100 column (Amicon) beforehand. Reactions were run on a ABI 373 automated sequencing machine and the data were processed using ABI Sequence Editor software. Sequence contigs were generated using the GCG program GelAssemble.
To screen a mouse cDNA library, a probe was produced from human IMAGE clone 381801 by digestion with Sma1 and Xho1. The digest was run out on 1% agarose and the 1.8-kb band extracted using a Qiaquick gel extraction kit (Qiagen). The probe was labelled with [ 32 P]dCTP using a random-primed DNA-labelling kit (Boehringer Mannheim). Approximately 1 × 10 6 clones from an oligo dT plus random-primed mouse E11.5 embryonic 5′ stretch plus cDNA library (Clontech) were screened with this probe. Hybridisation was carried out at 65°C in 4× SSC, 0.4% SDS, 0.2% NaPPi, 100 mg/ml salmon sperm DNA and 2× Denhardt's. Washes were carried out at 65°C in 2× SSC, 0.4% SDS and 0.2% NaPPi. Positive clones were subjected to secondary and tertiary screening after which isolated plaques were amplified by PCR using primers to the GT11 vector arms (CTC-CTGGAGCCCGTCAGTATC and CTGGTAATGGTAG-CGACCGGC). The PCR products were cloned into PCR2.1 using an Original TA cloning kit (Invitrogen). Sequencing was then carried out using Sequenase 2.0 (Amersham life sciences) and dRhodamine terminator cycle sequencing (Applied Biosystems).
Two clones from the 5′ end of the gene (up to nt 1567) were obtained in this way. The 3′ end was obtained by rescreening the library using human IMAGE clone 668097.
Identification of a C. elegans homologue of dachshund
A search of the TREMBL protein database with the Dach amino acid sequence identified a match with B0412.1 (accession number P90985), a predicted protein from a C. elegans genomic cosmid, B0412 (accession number U80953; Wilson et al., 1994) . Protein B0412.1 contains amino acids homologous to residues 21-24 of Dach, directly adjacent to amino acids homologous to residues 59-103 of Dach, and is apparently lacking residues 25-58. Inspection of the nucleotide sequence of cosmid B0412 revealed a genomic exon of 102 bp (bases 29746-247 of U80953), flanked by consensus splice sites, encoding an amino acid sequence homologous to residues 25-58 of Dach.
Secondary structure prediction
All protein structure analysis was carried out using programs available from GCG (Wisconsin Package Version 9.1, Genetics Computer Group, Madison, WI). Secondary structure prediction was done with the program Peptidestructure using the algorithms of Chou-Fasman and GarnierOsguthorpe-Robson, and displayed using the program Plotstructure. Coiled-coil prediction was performed using the program Coilscan with the matrix mtidkcoils.dat (Lupas et al., 1991; Lupas, 1996) . Screening was performed initially with a window of 28, which was reduced to 14 to refine the position of the ends of the coiled-coil region.
Southern blot analysis
Genomic DNA, from livers of adult AKR/J and DBA/2J mice, was digested with Acc1, Apa1, EcoR1, Nde1 and Pst1 (BCL). 10 mg of DNA was digested overnight in the appropriate buffer at 37°C, run out on 1% agarose and blotted onto Zeta-Probe GT membrane (Biorad). Probe was produced from the cloned cDNA by PCR using primers: GCTTTCGACCTGTTCCTGAAG and CTTTGAGTC-CTCTTAGGAGGC (nt138-382). The band was extracted from a 1% low-melting-point agarose gel into 3× its weight in distilled H 2 O, and boiled for 10 min before an aliquot was labelled by random priming. Hybridisation was carried out at 65°C in 6× SSC, 10% dextran sulphate, 4× Denhardt's, 0.1% NaPPi, 0.5% SDS/SLS. Two washes of 5 min were carried out at 30°in 2× SSC then two for 30 min at 65°C in 2× SSC, 0.1% SDS.
Whole-mount in situ hybridisation
The method used is based on several protocols (Hecksher-Sørensen et al., 1998; Hemmati-Brivanlou et al., 1990; Wilkinson, 1991; Izpisua-Belmonte et al., 1993) .
Embryos were fixed overnight in 4% paraformaldehyde (Sigma, St. Louis, MO) in PBS, then dehydrated through a series of 25%, 50% and 75% methanol in PBT (PBS + 0.1% Tween 20, Sigma) and stored in methanol at −20°C. They were rehydrated through the same series in reverse, then washed three times in PBT. Treatment in proteinase K (10 mg/ml) was carried out, depending on the age of the embryo; E10.5, E11.5 and E12.5 were treated for 30, 40 and 50 min respectively. Embryos were then refixed in 4% paraformaldehyde for 45 min.
Embryos were washed twice in hybridisation solution (50% formamide (Sigma), 5 × SSC, 2% blocking powder (Boehringer), 0.1% Triton X-100 (Sigma), 0.5% CHAPS (Sigma), 5 mM EDTA, 50 mg/ml Heparin (Sigma), and 1 mg/ml yeast RNA (Sigma). Prehybridisation was carried out at 65°C in hybridisation solution for 1 h then 4 h in new solution. DIG-labelled RNA (1 mg/ml) probe was denatured at 80°C for 3 min in 50 ml hybridisation mix, which was then added to the embryos and hybridised overnight at 65°C. Probe was produced using a DIG labelling kit (Boehringer) to transcribe from the T7 promoter of PCR 2.1 containing nucleotides 1674-810 of Dach. Sense probe and Pax6 probe were also produced in this way and hybridisations carried out using all three. Washes were carried out in decreasing concentrations of hybridisation mix in 2× SSC (75%, 50%, 25%) at room temperature, followed by two washes in 2× SSC, 0.1% CHAPS and two washes in 0.2× SSC, 0.1% CHAPS all for 30 min at 55°C. Embryos were washed twice in TNT (100 mM TRIS pH 7.5, 150 mM NaCl and 0.1% Triton X-100) then blocked for 3-4 h at 4°C (TNT, 2% BSA (BDH), 15% heat-inactivated sheep serum (Sigma)). Fresh blocking solution containing anti-DIG-AP fragments (Boehringer) at a dilution of 1/2000 was added and incubation carried out overnight at 4°C.
Embryos were washed for 1 h four times, once overnight then 30 min twice in TNT, 0.1% BSA and three times for 10 min in NMT (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris pH 9.5). Staining was carried out in NMT, 3.5 ml/ml BCIP (Boehringer) (50 mg/ml in 100% dimethylformamide) and 4.5 ml/ml NBT (Boehringer) (75 mg/ml in 70% dimethylformamide). When developed, embryos were rinsed in PBS to stop the reaction, then fixed overnight in 4% paraformaldehyde. Sections were cut, using a vibratome, at a thickness of 100 mM.
Prior to sectioning, the embryos were washed in PBS overnight, in 4% sucrose in PBS again overnight, then in 20% sucrose in PBS for several hours, before final washing overnight in 0.5% gelatin, 20% sucrose, 15.5% BSA in PBS. Embryos were fixed in 25% gluteraldehyde for 20, 25 and 30 min for E10.5, E11.5 and E12.5 embryos, respectively, and dried on a tissue, before being embedded in 6 ml of gelatin/sucrose/BSA/PBS solution with 400 ml of 25% gluteraldehyde to set it. The block was allowed to set, and then sectioned.
Note added in proof
The mouse Dach and human Dach cDNA sequences have been deposited in the EMBL database with accession numbers AJ005669 and AJ005670, respectively.
